Granulysin, a 9-kDa protein localized in human cytolytic T lymphoctyes and natural killer cell granules, is cytolytic against tumors and microbes but not against red blood cells. Synthetic peptides corresponding to the central region of granulysin recapitulate the lytic activity of the intact molecule, and some peptides cause hemolysis of red blood cells. Peptides in which cysteine residues were replaced by serine maintain their activity against microbes but lose activity against human cells, suggesting their potential as antibiotics. Studies were undertaken to determine the mechanism of resistance of red blood cells to granulysin and sensitivity to a subset of granulysin-derived peptides. Granulysin lyses immature reticulocytes, which have mitochondria, but not red blood cells. Granulysin lyses U937 cells but not U937 cells lacking mitochondrial DNA and a functional respiratory chain (U937°cells), further demonstrating the requirement of intact mitochondria for granulysinmediated death. Peptide G8, which corresponds to helix 2/loop 2/helix 3, lyses red blood cells, while peptide G9, which is identical except that the cysteine residues were replaced by serine, does not lyse red blood cells. Granulysin peptide-induced hemolysis is markedly inhibited by an anion transporter inhibitor and by Na ؉ , K ؉ , and Ca 2؉ channel blockers but not by Na ؉ /K ؉ pump, cotransport, or Cl ؊ channel blockers. Although recombinant granulysin and G9 peptide do not induce hemolysis, they both competitively inhibit G8-induced hemolysis. The finding that some derivatives of granulysin are hemolytic may have important implications for the design of granulysin-based antimicrobial therapeutics.
Granulysin, a lytic molecule expressed by human cytolytic T lymphocytes and natural killer cells, is colocalized in granules with perforin and granzymes and is active against tumor cells and a variety of microbes, including Mycobacterium tuberculosis (12, 18, 34, 37) . Recombinant 9-kDa granulysin disrupts artificial liposomes and cell membranes, damages mitochondria, and activates caspase-9 to induce apoptosis in nucleated cells but does not lyse red blood cells (20) .
The 9-kDa granulysin contains two disulfide bonds, and reduction of recombinant granulysin enhances its lytic activity against tumor targets but does not affect its activity against bacteria (39) . Peptides corresponding to the central region of granulysin lyse bacteria, human cells, and synthetic liposomes, while peptides corresponding to the amino or carboxyl regions are not lytic (39) . Most peptides corresponding to either helix 2 or helix 3 lyse bacteria, while lysis of human cells and liposomes is dependent on the helix 3 sequence. Peptides in which positively charged arginine residues were replaced by neutral glutamine exhibit reduced lysis of all three targets (39) . Granulysin and its constituent peptides bind to the cell surface based on charge and cause an increase in the intracellular Ca 2ϩ concentration and a subsequent decrease in the intracellular K ϩ concentration (20, 31) . Both calcium and potassium channel blockers inhibit granulysin/peptides-induced apoptosis in tumor cells (31) . Studies were undertaken to determine the mechanism of resistance of red blood cells to granulysin along with sensitivity to a subset of granulysin derived peptides. We report here that some granulysin-derived peptides, but not granulysin, lyse red blood cells. Target sensitivity to granulysin depends on the presence of mitochondria. In contrast, some peptides lyse red blood cells even in the absence of mitochondria. The roles of Ca 2ϩ , K ϩ , Na ϩ , and Cl Ϫ in granulysin peptide-mediated hemolysis are characterized. These findings suggest possible toxicities of synthetic peptides considered as potential therapeutics.
MATERIALS AND METHODS
Reagents. Reagents used include the calcium channel blockers econazole and nickel sulfate (Sigma, St. Louis, Mo.); the potassium channel blockers tetraethylammonium chloride (TEA) (Calbiochem, La Jolla, Calif.), apamin (Sigma), and BaCl 2 (Sigma); the sodium channel blockers QX222 (2-[(2,6-dimethylphenyl)amino]-N,N,N-trimethyl-2-oxoethaniminium chloride; Tocris, Ellisville, Mo.) and amiloride hydrochloride [3,5- diamino-N-(aminoiminomethyl)-6-chloropyrazinecarboxamide hydrochloride; Calbiochem]; the Cl Ϫ channel blockers 9-anthracenecarboxylic acid (9-AC; Tocris) and NPPB [5-nitro-2-(3-phenylpropylamino)benzoic acid; Tocris]; the anion transport inhibitor 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS; Sigma), the [Na ϩ /K ϩ ] pump inhibitor ouabain (Sigma); the [Na Granulysin and granulysin-derived peptides. The 9-kDa recombinant granulysin was expressed and purified as previously described (18) . Granulysin peptides were synthesized as previously described (39) ( Table 1) . Peptides G8 and G9 include residues 23 to 51 (helix 2/loop 2/helix 3) of granulysin and are identical, except that cysteine was replaced by serine at positions 34 and 45 in G9 (39) .
Measurement of granulysin and granulysin peptide-induced hemolysis. Peripheral blood from healthy donors was obtained with informed consent and collected in tubes containing heparin. Red blood cells were separated by centrifugation at 1,000 ϫ g for 5 min and washed three times with RPMI 1640 without phenol red. The washed red blood cells were suspended in RPMI 1640 or HEPES buffer (5 mM HEPES, 150 mM NaCl [pH 7.4]). Red blood cells (2 ϫ 10 6 /ml in RPMI 1640) were treated with granulysin or granulysin peptides at the indicated concentrations at 37°C for 4 h. In some cases, granulysin was boiled for 10 min before the assay (boiled granulysin). Hemolysis was determined by measuring the release of lactate dehydrogenase (LDH) by using a kit (Roche).
Treatment of peptides with DTT. Peptides G8 and G9 were incubated with 1 mM dithiothreitol (DTT) at room temperature for 10 min prior to addition to red blood cells. Because DTT affects the LDH assay, hemolysis was determined by measuring the supernatant optical density at 540 nm (OD 540 ). DTT itself did not affect the OD 540 .
Generation of rabbit reticulocytes and hemolysis assay. Japanese White rabbits, weighing 1.9 to 2.0 kg, were made anemic by subcutaneous injection of a 2.5% phenylhydrazine-HCI (Sigma) solution as follows: 1.0 ml on day 1, 0.8 ml on day 2, 0.6 ml on day 3, 0.8 ml on day 4, and 1 ml on day 5 (19) . Control rabbits were injected with the same volume of sterile distilled water. On day 6 or 7, 5 ml of blood was collected from the ear into heparinized tubes. Cells were stained with Brilliant Cresyl Blue (36) to enumerate reticulocytes and red blood cells. Red blood cells and reticulocytes were isolated by centrifugation at 1,000 ϫ g for 5 min and washed three times with RPMI 1640 without phenol red. Rabbit red blood cells and reticulocytes (2 ϫ 10 6 /ml in RPMI 1640) were treated with granulysin or granulysin peptides at 37°C for 4 h, and LDH release was measured.
Generation of °cells. U937 cells were cultured in RPMI 1640 supplemented with 50 ng of ethidium bromide per ml, 10% fetal bovine serum, 2 mM Lglutamine, 200 g of penicillin per ml, 100 g of streptomycin sulfate per ml, 100 g of pyruvate per ml, and 50 g of uridine per ml (29) . After 3 months, these cells, designated U937°, were maintained in medium without ethidium bromide. Exposure of U937 cells to antimycin A (50 to 100 M) induced cell death, while the viability of U937°cells was unaffected by antimycin A, demonstrating that the mitochondrial respiratory activity of U937°cells was significantly reduced.
AnnexinV/PI staining. U937 or U937°cells (10 6 /ml) were treated with granulysin or granulysin peptides for 3 h and washed twice with phosphate-buffered saline (PBS). Cell pellets were suspended in 150 l of binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl 2 [pH 7.4]) and stained with 5 l of annexin V-fluorescein isothiocyanate (FITC) in the dark at room temperature for 15 min. Binding buffer (250 l) and 5 l of propidium iodide (250 g/ml) were added prior to fluorescence-activated cell sorter analysis (BD Biosciences, San Jose, Calif.).
Ion channel blockers or transport inhibitors. Red blood cells suspended in RPMI 1640 were preincubated with calcium channel blockers (econazole or nickel sulfate), potassium channel blockers, (TEA, BaCl 2 , or apamin), sodium channel blockers (QX222 or amiloride hydrochloride), anion transport inhibitor
, or Cl Ϫ channel blockers (9-AC or NPPB) for 30 min at 37°C. G8 or G9 (5 M) was then added, and the incubation was continued for another 4 h at 37°C. The 50% inhibitory dose (ID 50 ) was calculated as the concentration of inhibitor that reduced hemolysis by 50%.
Intracellular Na ؉ , Ca 2؉ , and Cl ؊ concentrations. Intracellular Na ϩ and Ca 2ϩ concentrations were measured using sodium green (27) or Fluo-3 AM (27, 35), respectively, as described previously. Briefly, red blood cells (2 ϫ 10 6 /ml in RPMI 1640) were loaded at 2 M dye at room temperature for 60 min. The cells were then washed twice with RPMI 1640; G8 or G9 (5 M) was added, and the cells were analyzed by flow cytometry using a Becton Dickinson FACScan (excitation at 488 nm and emission detected at 530 nm). Data were analyzed using CellQuest software. The intracellular Cl Ϫ concentration was measured using MQAE (2) . Red blood cells (2 ϫ 10 6 /ml in RPMI 1640) were loaded at 5 mM at 37°C for 2 h and washed three times with RPMI 1640. After addition of G8 or G9 (5 M), fluorescence was monitored using a Becton Dickinson FACSDesk (excitation at 350 nm and emission detected at 450 nm). Data were analyzed using FlowJo software. K ؉ efflux. K ϩ efflux was measured by atomic absorption spectrometry (model AA-6800 instrument; Shimadzu, Kyoto, Japan) as described previously (6, 14, 16) . In brief, red blood cells were suspended at 1% in 5 mM HEPES-0.15 M NaCl buffer without K ϩ . They were then treated with various concentrations of G8 or G9 for 0 to 10 min at room temperature. At the conclusion of the incubation, the cells were centrifuged immediately and the supernatant was assayed for K ϩ . Hemolysis was determined by measuring the OD 540 . Control cells (no peptide) were lysed to determine the total K ϩ and hemoglobin levels; G8-induced K ϩ efflux was calculated as % K ϩ efflux ϭ [(K ϩ efflux of G8-treated sample ϪK ϩ efflux of control sample)/total K ϩ after cell lysis] ϫ 100. To assess the effect of DIDS on G8-induced K ϩ release, red blood cells were suspended at 1% in 5 mM HEPES-0.15 M NaCl buffer without K ϩ and preincubated with 25 M DIDS for 30 min at 37°C. They were then treated with 20 M G8 for 0 to 10 min at room temperature. At the conclusion of the incubation, the cells were centrifuged immediately and the K ϩ concentration in supernatant was assayed by atomic absorption spectrometry.
Osmotic protection. Red blood cells (2 ϫ 10 6 /ml) were suspended in 0.135 M NaCl-5 mM HEPES-NaOH (pH 7.4) supplemented with 30 mM D-mannitol, sucrose, raffinose, or polyethylene glycol (molecular weight 600, 1,000 or 2,000). G8 was added, and hemolysis was determined after incubation for 4 h at 37°C. Molecular diameters were from Katsu et al. (21) .
Size of red blood cells. The size of the red blood cells after treatment with G8 or G9 was determined by flow cytometry. Forward scatter, a measurement of red blood cell size, was calculated using FlowJo software.
Binding of G8 and granulysin to red blood cells. Binding of G8 and granulysin to red blood cells was analyzed by confocal microscopy, as previously described (20) . Briefly, red blood cells were placed on an inverted coverslip chamber (pretreated with L-polylysine), incubated with G8 or granulysin for 2 to 4 h, washed with PBS, and fixed in 4% paraformaldehyde in PBS for 1 h at room temperature. After being washed, the cells were incubated for 1 h in permeabilize/block solution (5% goat serum, 5% human AB serum, 0.1% NP-40 solution, 0.01% saponin, and 1% milk in PBS) at room temperature, washed three times with PBS, and incubated with rabbit anti-human granulysin polyclonal antibody followed by FITC-anti-rabbit immunoglobulin G. Finally, the chamber was washed with 0.1% saponin-5% milk in PBS, mounted onto a glass slide using a drop of Mowiol (Calbiochem, Madrid, Spain), and stored at 4°C in the dark until observation. Preparations were observed in a Zeiss 310 confocal microscope and analyzed using LSM 3.95 software.
RESULTS
Granulysin exhibits enhanced hemolytic activity after being boiled. We previously reported that denatured and/or reduced recombinant granulysin exhibits enhanced lytic activity against Jurkat, a human T-cell tumor line, and liposomes (39) . We asked here whether denatured granulysin also exhibits enhanced hemolytic activity. As shown in Fig. 1A , boiled granulysin is more potent than refolded granulysin at lysing red blood cells, consistent with its activity against Jurkat cells (39) . These findings indicate that the hemolytic activity of recombinant granulysin does not depend on its three-dimensional structure and that short linear regions of the granulysin sequence might mediate hemolysis. Therefore, we assessed the hemolytic activity of synthetic peptides corresponding to linear sequences of granulysin (39) .
A subset of granulysin peptides causes hemolysis of red blood cells. Peptides G8 and G20, corresponding to helix 2/loop 2/helix 3 and loop 2/helix 3/helix 4, respectively, exhibit strong lysis of red blood cells (Fig. 1B) . Peptide G14 (loop 2/helix 3) showed intermediate hemolysis. Peptide G15, which is identical to G14 but contains two R-to-Q substitutions, exhibited similar lysis of red blood cells to that of G14, suggesting that arginine residues in loop 2 do not contribute to hemolytic activity. Peptide G13 (helix 2/loop 2) caused a low level of hemolysis. Peptides G1 (helix 1), G10 (helix 2), G11 (helix 3), and G21 (helix 4/loop 3/helix 5) did not lyse red blood cells. Peptide G9, identical to G8 but with two C-to-S substitutions, did not lyse red blood cells, indicating a critical role for cysteine residues in the activity of peptide G8. Thus, lysis of red blood cells is confined to peptides derived from the central region of granulysin and is similar to their ability to induce the apoptosis of nucleated cells such as Jurkat (39) .
Previously we reported that reduced granulysin peptides lost their ability to lyse the human T-cell tumor line Jurkat (39) . Therefore, we asked here if the reduction of peptides also affects their hemolytic activity. As shown in Fig. 1C , DTT-treated G8 lost most of its hemolytic activity while DTT treatment of G9 had no effect, indicating that intra-or intermolecular disulfide bonds are important for G8-mediated hemolysis.
Granulysin, but not peptide G8, requires intact mitochondria to induce target cell lysis. We hypothesized that red blood cell resistance to granulysin-mediated cell death may be due to the absence of mitochondria. We previously showed that mitochondria were important targets of granulysin in tumor cell lysis (20) . Reticulocytes, the precursors of mature erythrocytes, do contain mitochondria, allowing us to compare their sensitivity with that of red blood cells to granulysin-mediated lysis.
Reticulocytes and erythroblasts were isolated from rabbits recovering from phenylhydrazine-HCl-induced anemia. Cresyl Blue staining indicates that nearly all of the red blood cells from these animals were nucleated erythroblasts or reticulocytes (Fig. 2B) , whereas only about 1 to 2% of the red blood cells from the control rabbits ( Fig. 2A) were reticulocytes. Reticulocytes and erythroblasts, but not red blood cells, were lysed by granulysin (Fig. 2C) . Although peptide G8 lysed both cell types, reticulocytes and erythroblasts were more sensitive than red blood cells (Fig. 2D) , suggesting that mitochondria contribute to target sensitivity. To confirm this, U937 cells were incubated with ethidium bromide to generate U937°c ells, deficient in mitochondrial DNA and respiration (29) . U937 cells undergo apoptosis when cultured with granulysin, but U937°cells do not. Interestingly, U937°cells were sensitive to peptide G8, although the extent of apoptosis was less than in U937 cells (Fig. 2E) . Effects of K ؉ , Ca 2؉ , Na ؉ , and Cl ؊ channel blockers on G8-induced hemolysis. We reported that an increase in intracellular Ca 2ϩ levels and a decrease in intracellular K ϩ levels were critical for granulysin and its derivative peptides to induce apoptosis in Jurkat cells (20, 31) . Thus, we explored the effect of ion channel blockers on G8-induced hemolysis. In red blood cells, the predominant intracellular cations are K ϩ and Na ϩ while the predominant intracellular anions are Cl Ϫ and HCO 3 Ϫ . Three K ϩ channel blockers (TEA, BaCl 2 , and apamin) inhibited G8 lysis of red blood cells (Fig. 3A to C) . The Cl Ϫ /HCO 3 Ϫ anion transport inhibitor, DIDS, blocked hemolysis (Fig. 3D ), but two Cl Ϫ channel blockers (NPPB and 9-AC) had no effect (data not shown). Na ϩ channel blockers (amiloride and QX222) (Fig. 3E and F) and Ca 2ϩ channel blockers (econazole and Ni 2ϩ ) ( Fig. 3G and H) showed modest inhibition of G8-induced hemolysis. No effect on G8-induced hemolysis was observed in cells treated with ouabain, a Na ϩ /K ϩ pump inhibitor; bumetanide, a Na ϩ /K ϩ /2Cl Ϫ cotransporter inhibitor; or DIOA, a K ϩ /Cl Ϫ cotranspot inhibitor (data not shown). Thus, K ϩ channels and Cl Ϫ /HCO 3 Ϫ anion transport appear to be involved in G8-induced hemolysis.
G8 increases intracellular Na ؉ , Ca 2؉ , and Cl ؊ concentrations and induces a K ؉ efflux. We next measured the levels of intracellular ions after treatment of red blood cells with G8. G8 increased intracellular Na ϩ (Fig. 4A ), Ca 2ϩ ( Fig. 4B ) and Cl Ϫ (Fig. 5A) concentrations but decreased the intracellular K ϩ concentration ( Fig. 4C and D) . Peptide G9 did not affect the levels of these intracellular ions. The K ϩ efflux precedes hemolysis (Fig. 4D) . We also found that the Cl Ϫ /HCO 3 Ϫ anion transport inhibitor DIDS significantly inhibits G8-induced K ϩ efflux (Fig. 4E) .
Effect of colloid-osmotic protectants on G8-induced hemolysis. Disruption of the integrity of the erythrocyte lipid bilayer by a membrane attack complex such as complement creates an osmotic gradient because small ions can traverse the damaged membrane but large cytoplasmic components o cells were treated with the indicated concentrations of granulysin, G8, or G9 for 3 h at 37°C, and the percentage of apoptotic cells was determined.
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on September 21, 2017 by guest http://aac.asm.org/ such as hemoglobin cannot. The consequent inflow of water causes the cell to expand rapidly. If membrane damage is sufficient, the cell ruptures, releasing hemoglobin. This process is called colloid osmotic lysis. If this colloid-osmotic process is involved in G8-induced hemolysis, the hemolysis will be reduced when a solute of an appropriate size is added to the extracellular aqueous solution (21) . This is based on the observation that, if the osmotic pressure of intracellular hemoglobin is balanced with that of the solute in the outer solution, hemolysis is not induced. Thus, the size of the FIG. 3. K ϩ , Na ϩ , and Ca 2ϩ channel blockers, as well as an anion transport, inhibitor inhibit G8-induced hemolysis. Red blood cells were pretreated for 30 min with the indicated compounds. G8 (F) or G9 (E) (5 M) or medium (■) was then added, the cells were incubated for 4 h, and hemolysis was determined.
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on September 21, 2017 by guest http://aac.asm.org/ Downloaded from membrane lesion can be determined by examining whether the substances added can protect the membrane from hemolysis. However, no protection from G8-induced hemolysis was observed in media supplemented with mannitol, sucrose, raffinose, or polyethylene glycol (molecular weight 600, 1,000, or 2,000) (not shown), indicating that the colloidosmotic process is not involved in G8-induced hemolysis. G8 causes red blood cell swelling. Because G8 increases intracellular Na ϩ , Ca 2ϩ and Cl Ϫ concentrations, we speculated that water would enter the red blood cells due to the increased osmotic gradient, resulting in red blood cell swelling. To investigate this, we measured the sizes of red blood cells after treatment with G8. We found that red blood cells treated with G8, but not with G9, were larger than control red blood cells (Fig. 5B) . Pretreatment of red blood cells with the K ϩ channel blocker TEA prevented G8-induced swelling of RBC, while red blood cells treated with TEA alone showed a slight decrease in size (data not shown). G8 and granulysin bind to red blood cells. Because G8 and granulysin affect membrane channels of red blood cells, we investigated whether G8 and granulysin bind to red blood cells. We used a polyclonal rabbit anti-granulysin antibody (18) to detect granulysin. This antiserum binds to immobilized granulysin and G8 but does not bind to G9. As shown in Fig. 6 , fluorescence was detected in red blood cells treated with G8 and granulysin followed by anti-granulysin antiserum.
Granulysin and G9 block G8-induced hemolysis of red blood cells. Although neither G9 nor granulysin induce hemolysis, red blood cells pretreated with G9 or granulysin were rendered less susceptible to subsequent treatment with G8 (Fig. 7) , suggesting that G9 and granulysin compete with G8 for binding to the membranes of red blood cells.
DISCUSSION
Granulysin is an effector molecule present in human cytolytic T lymphocytes and natural killer cells (18, 33, 34) . Both granulysin and a subset of its derivative peptides kill bacteria (39) , disrupt synthetic liposomes (20, 39) , and induce apoptosis of mammalian nucleated cells (18) . This work was undertaken for two reasons: to explore the mechanism of resistance of red blood cells to granulysin-mediated lysis and to determine whether granulysin-based peptides (39) exhibit hemolytic activity that could limit their utility as therapeutic agents. Currently we are generating a large panel of granulysin peptide derivatives and evaluating them as candidate antibiotics. Understanding the events involved in granulysin peptide-mediated hemolysis may help in this process. We previously showed that granulysin peptides induce cell death by apoptosis (20, 31, 39) . However, there is no nucleus in red blood cells, and therefore the mechanism of G8-induced hemolysis is not apoptosis and is different from that of G8-induced cell death in nucleated cells.
In this report, we show that granulysin kills only target cells that contain intact mitochondria and that this is a major factor underlying the resistance of red blood cells to granulysin. Nevertheless, some constituent peptides are hemolytic. Peptides from the central region of granulysin, corresponding to either helix 2 or helix 3 and loop 2, induced hemolysis. Replacement of cysteine by serine (G8 versus G9) causes a loss of hemolytic activity, indicating that cysteine residues are important for the hemolytic activity, consistent with the lytic activity on nucle- (39) . Peptide G8 is more potent than granulysin, and boiled granulysin is more potent than recombinant granulysin, also consistent with the lytic activity on nucleated tumor cells (39) . To explore the mechanism of G8-induced hemolysis, we investigated the effect of G8 on ion channels and transporters on red blood cell membranes (7) by using specific channel blockers and transport inhibitors. Chlorodinitrobenzene (41), gramicindin (21, 32) , and ferriprotoporphyrin (8) induce hemolysis following efflux of K ϩ from red blood cells. Similarly, G8 induces an immediate K ϩ efflux preceding hemolysis, suggesting that G8 activates/opens K ϩ channels. K ϩ channels transport K ϩ from inside to outside the cells, and more than 30 different types of K ϩ channels have been identified in mammalian cells. The following K ϩ channels have been found in red blood cells: (i) voltage-gated channels (Kv) (7), (ii) Ca 2ϩ -activated channels with intermediate and small conductance (IK Ca and SK Ca , respectively) (9, 23), (iii) inwardly rectifying channels (Kir) (23, 38) , and (iv) ATP-sensitive Kir (K ATP ) (24) . To examine the contribution of K ϩ channels, we investigated the effect of K ϩ channels blockers, TEA, BaCl 2 , and apamin, on G8-induced hemolysis. While none of these compounds affected baseline hemolysis, they all inhibited G8-induced hemolysis in a dose-dependent manner, with TEA and BaCl 2 inhibiting hemolysis by 90 to 100%. Both Kir and K ATP channels are inhibited by Ba 2ϩ , with ID 50 s of 0.002 and 0.1 mM, respectively (30) , and BaCl 2 inhibited crude-venom-induced hemolysis (28) . Kv, K Ca , and K ATP are also extremely sensitive to externally applied TEA (30) , and apamin selectively blocks SK Ca (4) . Taken together, the data suggest that a variety of K ϩ channels on erythrocyte membranes are involved in G8-induced hemolysis.
G8 increases the size of red blood cells, whereas TEA decreases their size and protects against G8-induced cell swelling. Because TEA blocks K ϩ channels and decreases K ϩ efflux, TEA-treated cells are resistant to hemolytic agents such as gramicidin (21, 32) and G8 (this study). Gramicidin, a linear pentadecapeptide antibiotic, opens K ϩ channels and induces K ϩ efflux from, and Na ϩ flux into, red blood cells. We also found that gramicidin at very low concentration induced the swelling of red blood cells and hemolysis and that TEA completely blocked gramicidin-induced hemolysis and swelling of human red blood cells (data not shown).
The anion transporter (band 3 protein) exchanges Cl Ϫ with HCO 3 Ϫ and accounts for the high permeability of erythrocytes to Cl Ϫ ions (7) . It also helps define erythrocyte shape and membrane stability. DIDS, an anion transport inhibitor, protects against hemolysis induced by glycerol (42) and by mannan extracted from the Candida albicans cell wall (40) . We observed that G8 induced an increase of the intracellular Cl Ϫ concentration in red blood cells and that DIDS at 50 M completely blocked G8-induced hemolysis. The ID 50 was only 2.42 M, suggesting that anion transport is pivotal in G8-induced hemolysis. On the other hand, Cl Ϫ channel blockers, NPPB and 9-AC, did not inhibit G8-induced hemolysis, suggesting that these agents affect different Cl Ϫ channels (11) or have different effects on Cl Ϫ channels (22) . Guizouarn et al. showed that activating anion transport not only induces an increase in the Cl Ϫ influx but also induces Cl Ϫ -independent Na ϩ and K ϩ permeability, which can be inhibited by several anion transport inhibitors including DIDS (15) . These data partially explain why DIDS completely blocked G8-induced hemolysis. We speculate that G8-activated anion transport of red blood cells induced a Cl Ϫ influx and an accompanying increase in intracellular Na ϩ and K ϩ efflux and that DIDS prevented these G8-induced ion fluxes by inhibiting anion transport. This also explains why the Cl Ϫ channel blockers, 9-AC and NPPB, did not block G8-induced hemolysis. 9-AC and NPPB inhibit only Cl Ϫ influx, while DIDS inhibits both Cl Ϫ and Na ϩ influx and K ϩ efflux. Taken together, these data suggest that G8 opens/activates anion transport on red blood cell membranes or induces a DIDS-sensitive Cl Ϫ permeability with subsequent increases in intracellular Cl Ϫ and Na ϩ concentrations and efflux of K ϩ , mediating G8-induced hemolysis. Na ϩ channels transport Na ϩ from the extracellular fluid to the inside of the cell, and blocking the Na ϩ channels of red blood cells with amiloride attenuates oxidation-induced hemolysis (10) . We found that the Na ϩ channels blockers amiloride and QX222 inhibited G8-induced hemolysis and that G8 induced an increase in intracellular Na ϩ levels. Thus, G8 activates Na ϩ channels and increases intracellular Na ϩ levels, causing passive entry of water into the cell and swelling of red blood cells, eventually leading to hemolysis.
Because mature red blood cells lack intracellular calcium stores, increases in intracellular calcium levels stem from calcium influx from extracellular calcium. When the intracellular free Ca 2ϩ concentration increases in human erythrocytes, a large K ϩ loss is observed. This effect is mediated by a Ca 2ϩ -dependent K ϩ channel, first described by Gardos (13) . We previously showed that G8 induced an increase in the intracellular Ca 2ϩ concentration and that the Ca 2ϩ channel blockers econazole and Ni 2ϩ (17) inhibited G8-induced apoptosis in tumor Jurkat cells (31) . Likewise, we show here that econazole and Ni 2ϩ also inhibit G8-induced hemolysis. G8 induces an increase in the intracellular Ca 2ϩ concentration in human red blood cells, suggesting that this effect occurs via Ca 2ϩ -activated K ϩ channels (13) . On the other hand, Alvarez et al. (1) reported that the econazole, which interferes with a number of cytochrome P-450-dependent molecules, especially CYP51, affects receptor-operated Ca 2ϩ channels in human red blood cells with an IC 50 of 0.2 to 3 M and also affects the calcium- FIG. 7 . Granulysin and G9 protect against G8-induced hemolysis. Red blood cells were pretreated for 30 min with granulysin (GRA) or G9. G8 (5 M) was then added, and hemolysis was measured after 4 h. [Na ϩ /K ϩ /2Cl Ϫ ] cotransport allows two Cl Ϫ ions to be carried into cells along with one Na ϩ ion and one K ϩ ion, all moving in the same direction (25) . In human erythrocytes, the [Na ϩ /K ϩ /2Cl Ϫ ] cotransport causes a small net extrusion of Na ϩ , K ϩ , and Cl Ϫ under physiologic conditions and plays only a minor role in the regulation of human erythrocyte volume (7) . In the present study, we observed a minimal (less than 10%) inhibitory effect on G8-induced hemolysis at 50 to 200 M bumetanide, a [Na ϩ /K ϩ /2Cl Ϫ ] cotransport inhibitor, suggesting that this cotransport system does not play a role in G8-induced hemolysis.
The [Na ϩ /K ϩ ] pump exchanges three Na ϩ ions outside the cell with two K ϩ ions going into the cell (7) . In this study, ouabain, a Na ϩ /K ϩ pump inhibitor, does not affect G8-induced hemolysis at 10 to 200 M, indicating that this transport system is not involved in protecting erythrocytes from G8.
We also showed that colloid-osmotic protectants, such as D-mannitol, sucrose, raffinose, and polyethylene glycols with molecular weights of 600, 1,000 and 2,000 did not inhibit G8-induced hemolysis, indicating that this lysis is not colloid osmotic in nature. In contrast, these agents protect against gramicidin S, an amphipathic peptide previously shown to induce hemolysis (21) .
Surprisingly, the hemolytic activity of G8 was significantly inhibited by pretreatment of red blood cells with either granulysin or peptide G9, even though neither of these agents is hemolytic. Because both G8 and granulysin can bind red blood cells, we speculate that G9 and granulysin compete with G8 for the same binding sites on red blood cells. Thus, binding is required but not sufficient to induce hemolysis.
In this paper, we show that granulysin-mediated cell death requires intact mitochondria in target cells but that some constituent granulysin peptides can directly induce hemolysis by activating ion channels. Recent crystal structure data indicate that granulysin binds to the cell membrane through a cluster of positive residues that appear to aggregate and then tunnel into the membrane through its hydrophobic core to cause "molecular electroporation" (3) . Recombinant granulysin protects erythrocytes from damage, but constituent peptides can be hemolytic. Our data indicate that G8, a constituent peptide, interferes with the ability of the red blood cell membrane to maintain ion gradients by activating channels for K ϩ , Na ϩ , Cl Ϫ , and Ca 2ϩ . This results in a Na ϩ , Cl Ϫ , and Ca 2ϩ influx into and K ϩ efflux from red blood cells. The intracellular Na ϩ , Ca 2ϩ , and Cl Ϫ concentrations increase and the intracellular K ϩ concentration decreases. Subsequently, water enters the cell following the osmotic gradient, the cell swells, and hemolysis occurs.
